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Abstract 
The Kitaev model is a rare example of an analytically solvable and physically instantiable 
Hamiltonian yielding a topological quantum spin liquid ground state. Here we report signatures 
of Kitaev spin liquid physics in the honeycomb magnet Li3Co2SbO6, built of high-spin d7 (Co2+) 
ions, in contrast to the more typical low-spin d5 electron configurations in the presence of large 
spin-orbit coupling. Neutron powder diffraction measurements, heat capacity, and 
magnetization studies support the development of a long-range antiferromagnetic order space 
group of CC2/m, below TN = 11 K at µ0H = 0 T. The magnetic entropy recovered between 
T = 2 K and 50 K is estimated to be 0.6Rln2, in good agreement with the value expected for 
systems close to a Kitaev quantum spin liquid state. The temperature-dependent magnetic order 
parameter demonstrates a β value of 0.19(3), consistent with XY anisotropy and in-plane 
ordering, with Ising-like interactions between layers. Further, we observe a spin-flop driven 
crossover to ferromagnetic order with space group of C2/m under an applied magnetic field of 
µ0H ≈ 0.7 T at T = 2 K. Magnetic structure analysis demonstrates these magnetic states are 
competing at finite applied magnetic fields even below the spin-flop transition. Both the d7 
compass model, a quantitative comparison of the specific heat of Li3Co2SbO6, and related 
honeycomb cobaltates to the anisotropic Kitaev model further support proximity to a Kitaev spin 
liquid state. This material demonstrates the rich playground of high-spin d7 systems for spin liquid 
candidates, and complements known d5 Ir- and Ru-based materials. 
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Introduction 
The quantum spin liquid (QSL) is an enigmatic and difficult to obtain state of matter, originally 
envisioned as a potential magnetic ground state for the S = 1/2 Heisenberg antiferromagnet on 
a triangular lattice as proposed by Anderson [1]. Strong QSL candidates have been proposed in 
the organics κ-(BEDT-TTF)2Cu2(CN)3 and EtMe3Sb[Pd(dmit)2]2, in addition to many minerals and 
related compounds based on the kagomé lattice, such as ZnCu3(OH)6Cl2, ZnCu3(OH)6BrF, and 
BaCu3V2O8(OH)2 [2-5]. More recently, Alexei Kitaev provided an exactly solvable Hamiltonian with 
a QSL ground state based on bond-dependent anisotropic Ising interactions, realizable in real 
materials with a honeycomb lattice [6]. For a compound to follow the pure Kitaev model, there 
has to be an exact cancellation of the Heisenberg interactions between the magnetic ions in a 
honeycomb structure. Some Kitaev QSL candidates that have been examined extensively include 
Na2IrO3, Li2IrO3, H3LiIr2O6, and α-RuCl3 [7-10]. However, due to the bonding geometries of these 
materials, there are additional Heisenberg interactions giving rise to the Kitaev-Heisenberg 
model. 
The focus for Kitaev QSLs has been primarily on low-spin d5 materials. Recently, two concurrent 
theory papers provided support for a rich magnetic phase diagram for high-spin d7 materials 
which includes the sought-after Kitaev QSL state [11,12]. The desired properties of a candidate 
are a pseudospin-1/2 compound with the transition metal (M) and ligand (L) having d-p-d orbital 
interactions in an octahedral environment. Based on the quantum compass model, an ideal 
bonding geometry for M-L-M of 90° leads to dominating Kitaev interactions [13]. This would 
potentially result in the spin liquid state. Certain delafossite compounds, such as Na2Co2TeO6 and 
Na3Co2SbO6, both of which have nearly ideal M-L-M bond angles, were predicted to be in 
proximity to the Kitaev QSL state. 
Measurements of polycrystalline samples of Na2Co2TeO6 and Na3Co2SbO6 revealed zig-zag 
magnetic structures at low temperatures as well as signs of metamagnetic transitions under 
applied fields [14-17]. Another related compound, Ag3Co2SbO6, displays a magnetic phase 
diagram composed of two antiferromagnetic (AFM) phases [18]. The single crystal investigations 
of the two proposed candidates confirm strong anisotropy and distinguishable magnetic 
properties. Na3Co2SbO6 possesses the same experimental zig-zag AFM structure at low 
temperatures but is expected to be competing with the Néel state based on calculations 
performed [19]. Na2Co2TeO6 demonstrates ferrimagnetism, which can be attributed to a mixture 
of Néel and zig-zag order [20]. These compounds exhibit Co-O-Co bond angles above the ideal 
90°, averaging between 92° and 94°, with signs of possible frustrated magnetism. The next step 
is to identify and actualize materials near the ideal geometry. 
Li3Co2SbO6 has previously been reported as adopting either a honeycomb or orthorhombic 
structure depending on synthetic conditions [21,22], with the reported bond geometries of the 
honeycomb polymorph closer to the ideal 90° angle, at 90° to 92°. Here we report a robust 
synthesis of phase pure, honeycomb Li3Co2SbO6, and investigate its magnetic properties through 
a combination of specific heat, magnetization, and neutron powder diffraction (NPD) 
measurements. Magnetization studies indicate a spin-flop transition at µ0H ≈ 0.7 T at T = 2 K. 
Heat capacity measurements exhibit a magnetic entropy that saturates at 0.6Rln2, close to the 
Kitaev value of 0.5Rln2, with a temperature dependence that agrees with the predictions of the 
anisotropic Kitaev model. The peak of magnetic specific heat is pushed up in temperature with 
an applied magnetic field above the spin-flop transition, indicating the presence of significant 
ferromagnetic (FM) interactions. NPD under field reveals competing AFM-FM magnetic 
structures below the spin-flop transition and an XY-plane ordering model. Using these 
measurements, we construct a magnetic phase diagram, and place Li3Co2SbO6 close to the Kitaev 
spin liquid state on the compass model. Our results demonstrate the rich playground of high-spin 
d7 systems as spin liquid candidates, and complement known d5 Ir- and Ru-based materials in 
exhibiting significant Kitaev interactions. 
 
Experimental Section 
Polycrystalline powder of honeycomb Li3Co2SbO6 was synthesized from Li2CO3 (Alfa Aesar†, 
99.998%), Co3O4 (NOAH, 99.5%), and Sb2O3 (NOAH, 99.9%). Li2CO3 was dried at 200°C overnight 
prior to use. The starting reagents were mixed and ground in the appropriate stoichiometric ratio 
with an extra 4 mol% Li to compensate for volatilization. The resulting mixture was pelletized and 
heated to 700 °C, 800 °C, and 1100 °C sequentially for 1 h each in air, similar to the synthesis of 
Li3Ni2SbO6 [23]. The sample was reground and pelletized between heat treatments. The final 
heating at 1100 °C required the sample to be air quenched in a desiccator. The resulting material 
was light red-brown and sensitive to the atmosphere. Li3Zn2SbO6 was synthesized with a high 
temperature solid state reaction previously described [24]. The purity of the samples was 
confirmed using Rietveld refinements of powder x-ray diffraction (PXRD) patterns, collected on a 
Bruker D8 Focus diffractometer with a LynxEye detector using Cu Kα radiation.  
Physical properties were measured using a Quantum Design Physical Property Measurement 
System (PPMS). Magnetic susceptibility and heat capacity measurements were collected from 
T = 2 K to 300 K. Magnetization measurements were performed at intermediate fields between 
µ0H = 0 T to 2 T with a temperature range of T = 2 K to 13 K. 
NPD measurements were conducted at the high resolution neutron powder diffractometer, BT1, 
at the NIST Center for Neutron Research (NCNR), using 60’ in-pile collimation and a Ge(311) 
monochromator, with a wavelength of 2.077 Å. Approximately 3 g of Li3Co2SbO6 was loaded into 
a vanadium can with an inner diameter of 6 mm and sealed with an indium O-ring in a He 
environment, and mounted onto a closed-cycle cooling refrigerator for measurements from 
T = 3.6 K to 30 K. Additional measurements were conducted at magnetic fields ranging from 
µ0H = 0 T to 7 T at T = 3.6 K and 30 K. A room temperature scan using 60’ in-pile collimation and 
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a Ge(733) monochromator with a wavelength of 1.1968 Å was also measured. Rietveld 
refinements and magnetic structure analysis were performed using GSAS-II and the k-
Subgroupsmag program [25,26]. 
NPD was collected in three groups of measurements: µ0H = 0 T measurements, applied field 
measurements, and a room temperature (RT) measurement. The µ0H = 0 T measurements 
includes long scans at T = 3 K and 30 K for magnetic structure determination, along with shorter 
scans to extract the temperature-dependent magnetic order parameter. Field measurements 
were performed similarly for magnetic structure determination under several applied fields. RT 
measurement was used to confirm crystal structure and atomic positions. 
 
Results and Discussion 
Synthesis & Structure Refinement 
Using our high temperature solid state method, the honeycomb-Li3Co2SbO6 is formed and is 
phase pure within the limit of laboratory PXRD. Consistent with prior reports, the heating profile 
is very important to avoid forming the undesired orthorhombic phase [22]. Quenching improves 
the crystallinity of the sample. Due to differing synthetic routes, a structure refinement was 
completed using a high-Q room temperature NPD measurement to confirm structure and atomic 
positions presented in Table I. There was an initial assumption for no site mixing between any 
atoms. However, the refinement was improved with the addition of Li/Co site mixing as seen in 
the ion exchange synthesis [21]. Such mixing increases the structural entropy, consistent with it 
being thermodynamically stable only at elevated temperatures. The resulting space group is 
C2/m with the stoichiometry of Li3(Li0.2Co1.8)SbO5.9. There is an additional impurity phase that is 
not present in the laboratory PXRD pattern that is indexed as LiOH·H2O with a 1.3 wt% (Fig. 1). 
This is similar to the impurities forming on LiCoO2 in air, such as Li2CO3 scale forming on the 
surface [27]. We will be referring to the honeycomb, delafossite structure as Li3Co2SbO6 for the 
rest of the work. 
The Li-delafossite demonstrates bonding geometry closer to the d7 Kitaev theory compared to 
the Na-delafossite analog. Li3Co2SbO6 contains Co-O-Co bond angles between 90° to 91°, where 
Na3Co2SbO6 has bond angles around 93°. The Li-delafossite should result in magnetic behavior 
more proximate to the Kitaev regime compared to the Na-delafossite.  
 
 
 Figure 1. Rietveld refinement (black line) to high-resolution NPD pattern of Li3Co2SbO6 collected 
at T = 298 K (orange points), with difference curve (gray line). The blue ticks correspond to the 
Bragg reflections for the main phase and the purple ticks represent the LiOH·H2O impurity with 
1.3 wt%. 
 
Table I. Unit cell parameters and fractional atomic coordinates for Li3Co2SbO6 at T = 298 K, from 
Rietveld refinement to a NPD Measurement with a wavelength of 1.1968 Å. Values in 
parentheses indicate one standard deviation obtained from GSAS-II refinement. The fit quality is 
given by a Rwp = 5.726 % and a GOF = 1.067. 
Monoclinic C2/m Li3.2Co1.8SbO6    
T (K)           a (Å)                b (Å)                 c (Å)                                           beta (°) Volume (Å3) 
298 K           5.2300(14)      9.0067(4)       5.1834(13)         110.179(4) 229.177(12) 
Atom x y z Occ. Uiso (Å2) 
Li1 0 0.1663(16) 0.5 1 0.0217(21) 
Li2 0 0.5 0.5 1 0.027(4) 
Li_Co1 0 0.3377(10) 0 0.1 0.0011(12) 
Co1 0 0.3377(10) 0 0.9 0.0011(12) 
Sb 0 0 0 1 0.0080(9) 
O1 0.7620(7) 0 0.2264(8) 1 0.0086(7) 
O2 0.2360(4) 0.15698(26) 0.2333(4) 0.975* 0.00688(31) 
* Fixed O2 occupancy for charge-balancing. 
 Figure 2. Magnetization isotherms (a) and the first derivative of magnetization (dM/d(µ0H)) (b) 
for Li3Co2SbO6 displaying curvature of metamagnetic behavior. A magnetization loop at T = 2 K 
(c) demonstrates a small hysteresis indicative of FM interactions. Magnetic susceptibility, 
estimated as M/µ0H, at µ0H = 1 T and the inverse susceptibility (d) with the Curie-Weiss fit (purple 
line) of the inverse susceptibility between T = 60 K and 300 K. 
 
Magnetic properties 
Fig. 2a and 2b display magnetization curves and their first derivatives (dM/d(µ0H)). Metamagnetic 
behavior for Li3Co2SbO6 is apparent in the change in concavity of the M(H) curve, with a spin-flop 
transition at µ0H ≈ 0.7 T for T = 2 K. The spin-flop transition field decreases at elevated 
temperatures, consistent with both physical expectations and prior measurements [14-
18,21,22]. A small hysteresis loop is observed in M(H) at T = 2 K (Fig. 2c), analogous to the small 
hysteresis found in Na3Co2SbO6. The presence of such hysteresis suggests dominating FM 
interactions [15]. Temperature-dependent magnetic susceptibility, estimated as χ = M/µ0H and 
collected at µ0H = 1 T (Fig. 2d), above the spin-flop transition field, indicates a rollover, consistent 
with the development of magnetic order, below T ≈ 10 K, and follows Curie-Weiss behavior above 
T = 60 K. In contrast, the µ0H = 0.1 T magnetization measurement (Fig 2d. inset) demonstrates a 
sharp downturn after TN ≈ 10 K. We find the high temperature susceptibility of the µ0H = 1 T 
measurement can be fit well assuming an effective magnetic moment of 4.30(3) µB/Co2+ and a 
Weiss temperature of θw = 15.4(13) K. These results are consistent with prior work, which have 
suggested values between 3.3 µB/Co2+ and 5.04 µB/Co2+ and θw = 14 K and 18.1 K, respectively 
[21,22].  
 
 
Figure 3. Temperature-dependent magnetic specific heat over temperature at several applied 
magnetic fields (a) demonstrates the transition increasing under applied fields behaving as a 
ferromagnet. Integrated magnetic entropy (b) plateaus at around 0.6Rln2 at µ0H = 0 T, 
approaching 0.5Rln2 under applied fields. This is in agreement with the anisotropic Kitaev model. 
 
 Figure 4. Field-dependent heat capacity at several temperatures (lines to guide the eye) with no 
λ-anomaly suggesting a spin-crossover transition. The inset presents overlapping isotherms that 
collapse onto a universal curve when heat capacity is divided by temperature to the power of 
2.36 (η). 
 
Heat Capacity Measurements 
Heat capacity measurements were collected for Li3Co2SbO6 as well as the nonmagnetic analog, 
Li3Zn2SbO6, to subtract phonon contributions. There is an AFM transition present at T ≈ 11 K with 
no applied field, consistent with low field magnetization measurements (Fig 2d. inset). The 
prominent λ-anomaly disappears under higher fields and develops into a broad transition that 
increases in temperature with field, behaving as a ferromagnet (Fig. 3a). Integration yields 
3.6 J/molCoK ≈ 0.6Rln2 of magnetic entropy at µ0H = 0 T.  As the applied field increases, the 
recovered entropy up to T = 50 K decreases approaching 0.5Rln2 (Fig. 3b). This behavior is similar 
to a related cobaltate, BaCo2(P0.85V0.15)2O8, where the material saturates at 0.5Rln2 [28]. A 
saturation of recovered entropy of 0.5Rln2 matches the predictions of the Kitaev model 
presented by Singh et al. [29]. For isotropic S = 1/2 and anisotropic Kitaev models, there is an 
expected entropy plateau at ΔSmag = 0.5ln2.  
Field-dependent heat capacity measurements were also collected to determine the impact of the 
spin-flop on the bulk physical behavior, Fig. 4. There is no λ-anomaly, implying that the field 
driven transition is a spin-crossover, rather than a proper phase transition. Interestingly, we find 
the field dependent heat capacity at different temperatures can be collapsed onto a universal 
curve by scaling the heat capacity by temperature to the power of 2.36 (η). We have been unable 
to come up with a simple physical model to explain this scaling relationship, which should be a 
direction for future study [30]. 
 
Figure 5. NPD of Li3Co2SbO6 with Rietveld refinements to determine nuclear (Nuc.) and magnetic 
structures. At µ0H = 0 T, the structure is AFM with alternating FM planes (Cc2/m). This AFM 
structure persists with reduced correlation length at µ0H = 0.1 T. At higher fields, the magnetic 
structure is FM (C2/m). 
 Figure 6. Temperature-dependent magnetic order parameter (a) at µ0H = 0 T indicates an XY-
plane ordering with Ising-like ordering between layers with a β value of 0.19(3). Power law 
analysis (red line) of integrated intensity and temperature for 2D XY-plane ordering is 0.23 while 
Ising ordering is 0.125. Field-dependent NPD scans of the (001) peak illustrate the FM peak 
developing above µ0H = 0.2 T with a reference scan at T = 30 K (b). The peak increases in intensity 
compared to the reference below the spin-flop transition of µ0H = 0.7 T which demonstrates the 
competing AFM-FM magnetic states. 
 
Neutron Diffraction Measurements 
To further understand temperature and field dependent states, more NPD was performed on 
Li3Co2SbO6. NPD data at T = 3 K under no applied field displays an additional Bragg reflection 
corresponding to the AFM space group Cc2/m (Fig. 5a). The refined magnetic moment of 2.63(4) 
µB is comparable to the moment of 2.53(3) µB at T = 3 K previously reported [22]. Li3Co2SbO6 
orders ferromagnetically in-plane with AFM coupling between layers, the first cobalt honeycomb 
delafossite to order in this manner. CoTiO3 (R3̅) orders in this same manner with a cobalt 
honeycomb [31]. The order parameter of the honeycomb Li3Co2SbO6 (Fig. 6a) fits closest to an 
XY-plane ordering with an exponent β value of 0.19(3), consistent with the magnetic structure 
in-plane. This is in agreement with the order parameter determined for Cu3Co2SbO6, where the 
order parameter fit to XY-plane ordering as well with the expected value of 0.23 [32]. The 
reduced exponent value for Li3Co2SbO6 could be due to anisotropy of a powder measurement or 
due to more Ising-like ordering between layers [33], especially considering that the Li-delafossite 
has a smaller distance between layers compared to the Cu-delafossite, allowing for stronger 
interactions between layers. 
Field-dependent measurements show rapid changes even under small applied magnetic fields. 
The µ0H = 0.1 T measurement at T = 3.6 K demonstrates the reduction and broadening of the 
(00½) AFM peak resulting in an effective moment of 1.64(6) µB (Fig. 5b). The broadening of the 
AFM peak is consistent with the development of magnetic stacking faults and a reduction in AFM 
correlation length with an applied magnetic field. The field measurements at µ0H = 2 T and 7 T 
support the FM magnetic structure of C2/m [22]. The magnetic moment increases with field from 
1.93(6) µB to 2.52(5) µB for µ0H = 2 T and 7 T, respectively (Fig. 5c and 5d). To our knowledge, this 
is the first time this FM structure has ever been observed in a cobalt delafossite. 
To elucidate more precisely the magnetic field driven changes in the magnetic order across the 
spin-flop transition observed at µ0H ≈ 0.7 T by magnetization measurements, the T = 3.6 K field-
dependent scans were appropriately scaled and the non-magnetic contributions removed by 
subtraction of T = 30 K reference scans (Fig. 6b). These data demonstrate an increase in the (001) 
FM peak as the magnetic field increases to µ0H = 0.4 T as the (00½) AFM peak continues to 
broaden and decrease in intensity. This corresponds to a FM structure competing with the AFM 
state of this Co-delafossite below the spin-flop transition. The (00½) AFM peak completely 
disappears at µ0H = 0.8 T. This low temperature magnetic state analysis elucidates how 
Li3Co2SbO6 is near the Kitaev QSL regime, as predicted by Khaliullin et al. and Motome et al. 
[11,12]. 
 
Figure 7. Magnetic phase diagram of Li3Co2SbO6 presents the spin-crossover of AFM to FM states, 
with graphical illustrations of the magnetic states, under applied fields implying Kitaev 
interactions.  
 
 
Phase Diagram 
The magnetic phase diagram of Li3Co2SbO6 is shown in Fig. 7. Heat capacity collected at                   
µ0H = 0 T indicates magnetic ordering and NPD confirms the AFM state at µ0H = 0 T with FM 
planes that couple antiferromagnetically. Magnetization gives the phase boundary between the 
AFM and FM state with the spin-flop transition. In addition, the applied field NPD scans 
demonstrate the competing magnetic structures below the spin-flop transition. The competing 
behavior emerges around µ0H = 0.4 T. Higher field NPD measurements confirm a FM structure, 
in agreement with heat capacity behavior. Our magnetic phase diagram is unique in comparison 
to the other compounds within this delafossite family due to its competing magnetic structures 
[14-18]. The different behavior of Li3Co2SbO6 can potentially be attributed to the bond angles 
being closer to the ideal 90° that are suspected to produce dominating Kitaev interactions. This 
places Li3Co2SbO6 in the FM regime on the compass model adjacent to the Kitaev QSL state (Fig. 
8b). 
 
Figure 8. Normalized specific heat and temperature scaled by exchange interactions (J) with the 
calculated anisotropic S = 3/2 Kitaev model overlaid to display the comparison (a). Several high-
spin d7 compounds heat capacity data has been extracted to display Kitaev model signatures 
[18,19,28,29]. Each dataset is offset by 0.3 for clarity. The Kitaev compass model (b) with 
Li3Co2SbO6 placed in the FM regime demonstrates how the Co-delafossites are proximate the 
Kitaev QSL state. 
 
Table II. Extracted Exchange Interactions (J) based on anisotropic Kitaev Heat Capacity model. 
Compound Name J (K) C0 (J/molCoK) 
Li3Co2SbO6 (3T) 27 2.41 
BaCo2(P0.85V0.15)2O8 13 1.82 
Na3Co2SbO6 (2T) 15 2.29  
Ag3Co2SbO6 33 (28 [18]) 2.70 
 
Kitaev Compounds Comparison 
Further indications of Kitaev physics in cobalt honeycombs comes from a more quantitative 
comparison of the specific heat to theoretical predictions. The anisotropic S = 3/2 Kitaev model 
with the highest anisotropic character is shown to have similar behavior in heat capacity (Fig. 8a) 
to both Li3Co2SbO6 and related honeycomb cobaltates [29]. The recovered entropy of the S = 1/2 
isotropic and all anisotropic models plateaus at 0.5ln2. The resemblance in broad heat capacity 
peak shape results in similar entropy recovered in these materials. The exchange interactions (J) 
have been extracted by scaling the heat capacity measurements to the model. Table II presents 
the J values with references to published J values. This provides an illustration of how the Co 
honeycombs are demonstrating Kitaev interactions. 
Further support for this comes from the compass model (Fig. 8b): the FM regime (180° to 240°) 
is proximate the Kitaev QSL state (270°). The expected heat capacity behavior for the FM regime 
(180° to 210°) is a singular broad peak [34], in agreement with our observations.  
 
Conclusion 
Building on a new, robust synthesis for the honeycomb polymorph of Li3Co2SbO6, we elucidate 
the presence of significant Kitaev interactions in this high-spin d7 compound, and find a rich phase 
diagram, including a spin-flop transition at µ0H ≈ 0.7 T and a spin-crossover to a FM state. Heat 
capacity demonstrates FM behavior under higher fields, which is confirmed using NPD to confirm 
a C2/m magnetic structure. Li3Co2SbO6 is the first Co honeycomb delafossite investigated to 
display FM behavior, making it a singular comparator to α-RuCl3 [35,36]. NPD illustrates 
competing antiferromagnet and ferromagnet magnetic behavior below the spin-flop transition 
but at finite magnetic field. The temperature-dependent magnetic order parameter indicates XY-
plane ordering with the possibility of Ising-like ordering between layers. Based on the phase 
diagram of the high-spin d7 model, Li3Co2SbO6 is located proximate to the Kitaev QSL state. This 
Co honeycomb orders ferromagnetically under a small magnetic field and follows the Kitaev heat 
capacity and entropy model under an applied magnetic field. This family of high-spin d7 
compounds is a rich playground that would benefit from continued research, such as the 
application of pressure or strain to tune into the spin liquid regime [37,38]. More generally, our 
scaling analysis shows that multiple honeycomb cobaltates have specific heat behavior consistent 
with that expected under the anisotropic Kitaev model, implying a new era in the field of Kitaev 
physics, beyond low-spin d5 compounds. 
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